INTRODUCTION r
Electrostatic (Langmuir) probes are used for plasma diagnostics in a wide' range of experimental .conditions. However, the theory necessary for interpretation of probe measurements in collision-dominated plasmas is rather complicated (see Refs. 1-5 and references therein).
The most frequently employed technique of probe diagnosticis of collision-dominated plasmas is that based on using ion saturation current. A vast set of experimental data on ion saturation currents is available in the literature, in particular for probes of the most common shape, i.e., cylindrical and spherical.g20 However, theoretical treatment of these data has not been general: Nearly every author or group of authors used their own theory. In such a situation it seems worth trying to treat all these data in the framework of a single theoretical technique. If successful, this treatment will produce clear evidence of generality of the method and will considerably contribute to a wider use of the electrostatic probe diagnostics of high-pressure plasmas.
Such a unified theoretical treatment is the subject of the present paper. The treatment is carried out in the framework of the model accounting for two types of the charged particles (positive ions of a single species and electrons) and neglecting volume ionization and recombination in the near-probe perturbation region. Saturation currents are described by simple analytical formulas in the framework of this model. A number of such formulas has been published already (see literature cited in Ref. 3; we mention also Refs. 9 and 17). However, a self-consistent technique that would allow calculation of saturation currents to cylindrical and spherical probes in a wide enough (covering the whole set of available experimental data) range of velocities of the plasma flow past the probe is still absent. Besides, not all the existing formulas are quite correct.3 So, in Sec. II the above-mentioned theoretical technique is formulated. The treatment of experimental data is.presented in Sec. III.
II. THEORY A. Calculation of saturation currents i@i collisional plasmas
We consider a disturbed region near a nonemitting electrostatic probe in a flowing collision-dominated partially ionized thermal equilibrium~~plasma. The plasma contains neutrals, single-charged positive ions of a single species, and electrons. Suppose that the Debye radius is small enough that conditions3 of saturation of the ion branch of the probe current-voltage characteristic are satisfied. In such a case the whole perturbation region may be divided into a quasineutral region and a space-charge sheath which is positioned at the probe surface, the thickness of this sheath being much less than the probe dimensions and the thickness of the near-probe viscous boundary layer. The value of the ion saturation current is determined by an ion flux from the quasineutral region to the outer boundary of the space-charge sheath.
The technique.of calculation of saturation currents to probes in collisional thermal equilibrium plasma with two types of charged p&ticles was established by Lam.21 We shall briefly outline h&e this technique in a general form that does not rely on any specific assumptions concerning plasma properties or the regime of the flow.
Distributions of the concentrations of ions and electrons are governed by equations of conservation of mass and transport equations nv-grad 9 + div Ji= W, nv*grad t + div .J,= w,
Ji= -! grad pi + ,UGiE, J,= -9 grad pe-pg@.
(2)
Here np n, J, J, ph pe p, and p, are the concentrations, flux densities, partial pressures, and mobilities of ions and electrons (pi=nikr pe=n&T), E is the electric-field strength, w is the rate of change of charged particle concentrations due to ionization and recombination in plasma volume, n, v, T are the total concentration, velocity, and temperature of plasma [when solving Eqs. ( 1) and (2) these quantities may be treated as prescribed functions of space coordinates], e is the electronic charge, and k is the Boltzmann constant. The detailed discussion of hydrodynamical transport equations in the form of Eq. (2) is given elsewhere;3 here we only note that for the sake of simplicity these equations are written under the supposition that the ionization degree of plasma is sufficiently low and frequencies of elastic collisions of the charged particles with neutrals are substantially greater than frequencies of ion-electron collisions.
Having in mind a description of the quasineutral region we set nf = n, in Eqs. ( 1) and (2). Then we divide Eqs. (2) by pi and Pi, respectively, and add. The result may be written as $, -+ 2= -f grad(Q). e Here n, designates the quasineutral concentration of the charged particles (n, = ni = n,) and Di and D, are the diffusion coefficients (Di = ,t+kT/e, D, = p&T/e).
Suppose the probe is in the ion saturation regime, i.e., its potential with respect to plasma is negative and large enough to suppress electron flux to the probe surface but not so large as to lead to the space-charge sheath being not thin and/or volume ionization in the sheath being nonnegligible. In such a case the electron flux density at the outer boundary of the sheath is zero. Then Eq. (3) yields the relation between the density of the ion saturation current and the quasineutral concentration n,
Here a/~?& is the derivative in the direction normal to the probe surface, and the index w designates the value of the expression in brackets estimated at the outer boundary of the sheath. We exclude from Eq. (3) the electron flux density using the formula J, = Ji-j/e, where j is the electric current density. Expressing from the resulting relation the ion flux density and substituting this expression in the first equation in Eq. It is expected that in the ion saturation regime the electric current density in the whole near-probe perturbation region is of the order of the right-hand side of Eq. (4). Then the order of magnitude of the third item in the lefthand side of Eq. (5) as compared to the second item equals to the ratio of the diffusion coefficient of ions to that of electrons. The order of magnitude of this ratio usually does not exceed 10P2. Thus, the third item in the left-hand side of Eq. (5) may be omitted and this equation may be rs written as nc nvgrad ;-div Boundary conditions for the quasineutral concentration of the charged particles are as follows. Far away from the probe the concentration equals the charged particle concentration in the undisturbed plasma nroo, nc=ncm.
The concentrations of the charged particles in the space-charge sheath are much less than those in the undisturbed plasma. Therefore, at the outer boundary of the sheath the quasineutral concentration may be adopted as zero, n,=O.
The problem (6)- ( 8) governing the quasineutral concentration is nearly closed, and the single quantity still undetermined is the thickness of the space-charge sheath which specifies the position where the boundary condition (8) is stated, as well as expression (4). However, in the case under consideration this thickness is much less than any length scale of the quasineutral region. Therefore, relationships (4) and (8) will be treated as being stated directly at the probe surface.
Now the problem (6)- ( 8) is stated. When it is solved, the ion saturation current density can be calculated by means of formula (4). It is noteworthy that in the special case when diffusion coefficients of ions and electrons depend on the plasma temperature in a similar way, the concentration of charged particles in the quasineutral region will be independent of the probe potential not only in the ion saturation regime, but in all the potential range in which the sheath remains thin [the third item in the lefthand side of Eq. (5) vanishes in this case].
The above considerations do not account for the effect of ion-electron collisions on transport processes. However, it may be shown 22 that in the case when the ionization degree of plasma is not sutliciently low and ion-electron collisions are important, Eq. (3) still holds [terms of transport equations of ions and electrons accounting for these collisions cancel when Eq. (3) is being derived]. Hence, all the following holds as well, Di and D, being, as before, the ion-neutral and electron-neutral diffusion coefficients. Also, the above considerations are valid regardless of the space-charge sheath being collision dominated or collisionfree. We note, too, that in some cases formulas for the ion saturation currents obtained under the supposition of thermal equilibrium, as in the present paper, are approximately valid in the framework of the model with the nonequilibrium electron temperature. ' B. Formulas for saturation currents to cylindrical and spherical probes Suppose the effect of gas-phase recombination and ionization in the disturbed region is negligible. In such a case the right-hand side of Eq. (6) vanishes and it reduces to the so-called convection-diffusion equation. Analysis of various solutions of this equation (see literature cited in Ref.
3) shows that the dependence of the ion saturation current to probes in quiescent plasmas, or those moving with a moderate Mach number, on the temperature of the probe surface is rather weak. This fact was also proved experimentally. Evidently, the reason is that variations of the ion saturation current caused by changes of distributions of the total concentration, velocity, and temperature of the plasma are approximately compensated by variations resulting from a change of the ion diffusion coefficient. In such a situation the ion saturation current may be calculated to a first approximation neglecting the spatial nonuniformity of plasma transport properties in the nearprobe disturbed region and a general expression for the ion saturation current to a probe of a specified geometry may be written as
where L is a length scale of the probe, Sh is a dimensionless coefficient that depends on similarity parameters Pe = v-L/Dam and SC = v,/Da, (here v is the kinematic viscosity), and the index CO is attributed to values of corresponding quantities in the undisturbed plasma. Note that the parameter Pe may be interpreted as the ratio of the velocity of the undisturbed plasma flow to the characteris-. tic velocity of ambipolar diffusion; appearance of the viscosity of the undisturbed flow v, is due to the influence of the viscosity on distribution of the plasma velocity in the perturbation region, which in turn influences distribution of the concentration.
The coefficient Sh coincides with the dimensionless coefficient determining the diffusive tlux of a neutral component of a small percentage from the flow to a body of a given geometry. Because of this analogy it is natural to use for the parameters Sh, Pe, and SC the terms Sherwood number, diffusive Peclet number, and Schmidt number, respectively, which are usual in the mass exchange theory.
To determine the function Sh = Sh(Pe,Sc) either experimental data or a solution of the convection-diffusion equation may be used. We consider at first the case of small values of the Peclet number, Pe(1. It is convenient in this case to take the length scale L equal to the electrostatic capacitance of the probe; specifically, L=R for a spherical probe of the radius R, L = H/[2 ln(H/R)] for a thin cylindrical probe of the radius R and the height H (HSR). The Sherwood number within the accuracy of the terms of the order of Pe21n (Pe-' ) equals 4rr( 2 + Pe) and Eq. (9) assumes the form23 1, = -4~(2 -+ Pe)en,,Di,L.
In the opposite case Pe> 1, when the plasma flows past the probe in the viscous boundary layer regime, Sh will be proportional to & and the formula (9) can be written as
Here F= F( SC) is a dimensionless coefficient that depends on the Schmidt number. A review of papers containing specific forms of Eq. ( 11) for probes of different geometries is presented in Ref.
3. Specifically, if the current-collecting surfaces of a spherical probe and of a thin cylindrical probe perpendicular to the flow are the front semisphere or the front semicylinder, currents to these probes will be, respectiveiy,"4 I+ = -(6.7/Sc1/6)enCm(v,Di,R3)1'2,
I+ = -(3.2/Sc"6)en,,(v,Di,R)"2H.
If the whole surface of the sphere or the cylinder is current collecting, difficulties will arise in a theoretical determination of a contribution of a downstream surface, these difficulties being connected with an account of the separation of the boundary layer and the formation of the wake space. The similarity between the heat and mass transfer and experimental data on the Nusselt number (which characterizes normalized heat flux and is the analog of the Sherwood number in the framework of this similarity) may be used to evaluate this contribution. When semiempirical expressions for the Nusselt number presented for the sphere in Ref. 25 and for the cylinder in Ref.
26 are employed, the formulas obtained for the total current to the whole probe surface are similar to Eqs. (12) and ( 13); instead of the first factors in the right-hand sides the factors 6.8 and ~.~/SCO.~~ stand, respectively. The formulas resulting from the semiempirical expressions2' are also similar to Eqs. (12) and ( 13); instead of the numerical coefficients 6.7 and 3.2 the coefficients 8.3 and 3.3 appear. Taking into account the resemblance of the enumerated formulas to Eqs. (12) and (13), the conclusion may be drawn that the contribution of the rear semisphere or the rear semicylinder is not considerable. Note that this conclusion agrees with the measurements"~28 of the ion saturation current-density distribution along the surface of a cylindrical probe (see also Ref. 29) . Note also that the contribution of the ends of the cylinder to the total current is not considerable provided that the cylinder radius is small enough as compared to its height. Now we proceed to the case of the Peclet number of the plasma flow past the probe being of the order of unity. Strictly speaking, to calculate the saturation current in this case the elliptic problem (6)- ( 8) should be solved numerically. On the other hand, an approximate analytic expression for the Sherwood number in the range of Pe of the order of unity may be derived from asymptotic behavior of the Sherwood number at small and large values of Pe by means of algebraic interpolation.30 In this manner, using the asymptotic formulas ( 10) and ( 11) we obtain the approximate expression as follows:
where the length scale L once again is taken equal to the electrostatic capacitance of the probe. Note that this expression may be considered as uniformly valid over the whole range of Peclet number values.
To obtain a specific form of expression (14) for the case of a spherical probe, the coefficient F in accordance with Eq. (12) may be accepted equal to 9.4s~~"~. The result may be written as I+ = -4~ [2 + Pe/( 1 + 1.3 JG SP)] en,,Di,R, (15) where Pe = v,R/Dam. Note that this expression agrees within the accuracy of 20% with the similar expression that may be obtained using the correlation formula"' for the Nusselt number.
In the case of a thin cylindrical probe two Peclet numbers should be considered: one evaluated based on the radius, Pe = v,R/D,,, and one evaluated based on the height, Pe, = v,H/Dam. Evidently, Pe is much smaller than PeH. The condition of the validity of expression ( 10) is Pe,& 1 [if a probe is characterized by several, rather than one, strongly different length scales, the condition of validity of expression ( lo), as one may expect, will be the smallness of that Peclet number that is estimated based on the greatest length scale]. On the other hand, the validity of expression ( 13) [which is the specific form of formula ( 11) for the cylindrical probe] is restricted with large values of the Peclet number Pe. The interpolation ( 14) may hardly be considered as reasonable in such a situation. Therefore, the following procedure may be recommended for approximate calculation of the ion saturation current to a thin cylindrical probe with the whole surface being current collecting. Formula ( 13) may be used in the range26 Pe>20. For the range 0.5<Pe<20 the following expression may be obtained using the correlation formula26 for the Nusselt number:
I, = -(6.3/Sc".03) Pe0.4en,,Di,H.
At last, the following expression may be obtained for the range R/H(Pe<0.5; I+ = -13en,,Di,H/[ln(Pe.-' + 4.2) + 0.81. (17) This expression agrees with the two-term asymptotic expansion of the Sherwood number in powers of the parameter l/ln( Pe-' ) and gives the same value at Pe = 0.5 as formula ( 16) . Now the analysis is complete. Formula ( 15 ) relates the integral ion saturation current to a spherical probe and the charged particle concentration in an undisturbed plasma in the whole range of Peclet number values. The integral ion saturation current to a thin cylindrical probe is related to the undisturbed charged particle concentration in the range of not too small Peclet number Pe values (Pe)R/H) by means of formulas (13), (16), and (17).
It should be emphasized that the dependence on the ambipolar Schmidt number SC in these formulas is rather weak and may be neglected (for instance, we may set SC = 1). Thus, the normalized ion saturation currents The above conclusion of normalized ion saturation currents being universal functions of the Peclet number enables us to consider, frtim'a single poinf qf view,; 'all the experimental data available in the literature for probes of' the most common shape, that is;, cylindrical and sphericaL Results of such ati interpretation are shown in Figs. 1 and 2. Parametels of plasmas in which the measuresents were made are shown in Table I . Note that the covered range includes both weakly and'strongly ionized plasmas.
Values of the charged &&cle co&%ntration in the undisturbed plasma ncm necessa& for the' &&nalization of the current were either taken from the cited papers or calculated by means of the Saha equation. Values of the ion saturation current densities at the front stagnation points of the spherical and the cylindrical probes presented in Refs. 10 and 15 were transformed to integral current values to the upstream semisphere and the upstream semicylinder using the formulas" for current-density distributions along the upstream surfaces of a spherical and cylindrical probes.
It can be' seen that most of the experimental points differ from theoretical predictions by not more than a factor of 3 (boundaries of the corresponding corridor are shown in Figs. 1 and 2 by dashed lines) . We note that experimental points above this corridor were obtained on experimental facilities with gas burners in plasmas with small values of the charged particle concentration (not more than 4x 10" cmw3). In such a situation there are no reasons to expect an ionization equilibrium and the charged particle concentration estimated by means of the Saha equation may be understated, as is usual in such cases; evidently, that would lead to overstatement of the normalized current. On the other hand, points below this corridor were ob&ined at high values of the concentration, when the ratio of the recombination length to .&he probe radius or (if Pe> 1) to the radius divided by .& is appre-ciably less than unity and the value of the saturation current may be considerably influenced by volume recombination of charged particles in the disturbed region (note that recombination prevails over ionization in the disturbed region because of the relatively low temperature).
Thus, it may be concluded that the simple analytical formulas of the previous section describe most of the available-experimental data with the accuracy of a fact& of 3. If a higher accuracy is desirable, it may prove necessary to use &ore complicated models accounting for the presence of several types of ions and volume reactions (see e.g., Ref. 15).
IV. CONCLUSlbNS
We have developed a unified technique of calculation of ion saturation currents to cylindrical and spherical electrostatic probes in the framework of the model accounting for neutrals, single-charged positive ions, and electrons, and neglecting volume ionization and recombination in the near-probe perturbation region. It is shown that in the framework of this model the normalized values of saturation currents may be approximately considered as universal functions of the diffusive Peclet number, the forms of these functions being independent of the species of neutral component of plasma, the species of ions, parameters of undisturbed plasma, etc. This enables us to consider all the experimental data available in the literature in the same coordinates. It is shown that analytical formulas describe most of these data with the accuracy of a factor of 3.
